1. Introduction {#sec0005}
===============

Unique properties of detonation nanodiamond (**ND**) materials find various applications in the state-of-the-art branches of science and technology \[[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030]\]. They are used in the formation of composites, electronic instruments, catalysts \[[@bib0005],[@bib0010]\], and as new sorbents \[[@bib0015],[@bib0025], [@bib0030], [@bib0035]\]. These materials are also promising for biomedical applications \[[@bib0040],[@bib0045]\]. Here, ND can be used as fluorescent and contrast agents in clinical diagnostics and diagnostic sensors \[[@bib0050], [@bib0055], [@bib0060]\], platforms for drug delivery \[[@bib0065],[@bib0070]\], enterosorbents, in cellular surgery, anticancer therapy, and many other areas \[[@bib0075]\]. The interest to ND materials have resulted in the growth of their production and the development of the production technology, which made NDs commercially available. Many applications of ND utilize their ability to readily form concentrated aqueous dispersions \[[@bib0080]\].

Before application, especially in the form of aqueous solutions, NDs need to be thoroughly characterized. The control of the surface chemistry and particle size are in demand, as may properties of ND materials depend on the surface properties and NDs tend to agglomerate to form larger particles \[[@bib0085],[@bib0090]\]. Hereby, the methods and techniques for nondestructive characterization and assessment of NDs are required. The characterization of NDs have become even more topical recently with the development of new techniques of ND surface modification and functionalization \[[@bib0095]\], and ND applications as building blocks in producing films and in the composite synthesis of microdiamonds \[[@bib0100]\]. Many of these applications as well as more traditional applications of nanodiamonds as lubricants and as novel nanofluids \[[@bib0105]\] require concentrated aqueous dispersions or hydrosols.

Optical absorption spectroscopy is a valuable tool for assessing and characterizing nanodiamonds, their aqueous solutions, and films \[[@bib0110]\]. Optical properties of ND aqueous dispersions depend not only on the ND concentration, but also on the production technology, size of particles, and the presence of impurities. Light absorption of NDs in the optical region is associated with the presence of sp^2^ carbon, especially if disintegrated by the stirred-media milling process \[[@bib0115], [@bib0120], [@bib0125]\] and dimer (Pandey) chains being formed during surface reconstruction \[[@bib0130],[@bib0135]\]. Also, this can be associated with impurities, which include nitrogen, silicon, oxygen, hydrogen, and various metals \[[@bib0140],[@bib0145]\]. Also, optical absorption spectroscopy in combination of fluorescence modalities is used for characterization of doped or nitrogen--vacancy (NV) nanodiamonds used as tags in many biological applications \[[@bib0150], [@bib0155], [@bib0160]\].

Conventional optical absorption spectroscopy (spectrophotometry) and photothermal (thermal-lens) spectroscopy have been used previously for quantification and analysis of spectra of ND aqueous dispersions \[[@bib0110],[@bib0125],[@bib0130]\]. The generic consideration of optical properties of meteoritic nanodiamonds was made as well \[[@bib0165]\]. However, the use of spectrophotometry is limited by strong beam attenuation due to high absorptivities and scattering in highly concentrated ND solutions. Also, the response of a transmission spectrophotometer is both due to absorption and scattering, i.e., it is a total extinction measurement. Thus, there also exists the problem of separation of ND extinction spectra into absorption and scattering components \[[@bib0125]\], which is not fully resolved yet, which hinders the understanding of many relevant ND properties.

Additionally, the interest recently has been focused on ND fractionation as it may produce the materials with the minimum particle size \[[@bib0125],[@bib0130],[@bib0145],[@bib0170], [@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195], [@bib0200], [@bib0205], [@bib0210]\] and gives particles with defined aggregate sizes for various applications like film and gel production \[[@bib0075]\]. Previously, it was reported that ND fractions have different surface chemical composition \[[@bib0200]\]; FTIR and especially DLS \[[@bib0175],[@bib0180],[@bib0215]\] are commonly used methods for fraction characterization, but the absorption spectra were not considered in full.

We propose optoacoustic (**OA**) spectroscopy along with UV/vis and differential scanning calorimetry (**DSC**) measurements for qualifying ND samples. The advantage of the approach is that OA modalities respond to absorption (at least for dilute samples) and that light-scattering media are acoustically transparent to a certain extent \[[@bib0220],[@bib0225]\]. Thus, this method can be used for measurement of high absorbances characteristic for practically relevant ND samples. Therefore, the comparison of OA and optical absorption data can be used for the rapid estimation of the ratio of absorption and scattering. Thus, we compare UV/vis and OA spectra of different ND aqueous dispersions and their fractions made by centrifugation and ultracentrifugation.

2. Materials and methods {#sec0010}
========================

2.1. Instruments {#sec0015}
----------------

### 2.1.1. OPO-based multiwavelength microscopic optoacoustic setup {#sec0020}

The multispectral OA-setup was built using an Olympus IX81 inverted microscope platform (Olympus America, Center Valley, PA), and a tunable pulsed optical parametric oscillator (Opolette HR 355 LD, OPOTEK, Inc., Carlsbad, CA) with the spectral range, 400--2200 nm; pulse width, 5 ns; pulse repetition rate, 100 Hz; and energy fluence range, 0.1--10^4^ mJ/cm^2^ \[[@bib0230]\]. For OA measurements, all objectives were 10× (Olympus America). The laser-induced ultrasound waves were detected in a transmission configuration using an ultrasound transducer (V-324-SE, 25 MHz; focal length 12 mm, Panametrics) immersed into the ultrasonic gel above the sample.

ND solutions were measured by placing a solution aliquot (8.6 μL) in a specially designed cuvette, which is a Secure-Seal polymer film (Invitrogen Corp., Carlsbad), which forms a sample well (optical path length 120 μm) between two thin microscope slides.

The optoacoustic spectra were measured for the whole working range of the OPO (410--710 nm, with a step of 1 nm). The excitation energy spectrum were obtained using an energy meter (PE10-SH, OPHIR) for the selected experimental conditions. Then, the obtained optoacoustic spectra were corrected to the same energy of the excitation using the excitation energy spectrum \[[@bib0235]\]. The short- and long-wave parts of the spectra (410--430 and 690--710 nm) were usually discarded due to low signal-to-noise ratios resulted from a low energy of the excitation. The rest of the spectra were subjected to a standard 2nd order Savitzky--Golay digital filter procedure (using OriginPro 2015 for Windows).

### 2.1.2. Optoacoustic setup for optically dense solutions {#sec0025}

The schematic of the optoacoustic setup for optically dense solutions is presented in Fig. S1 (Supplementary information). The details including signal processing and absorbance calculations are given previously \[[@bib0220]\]. For the generation of OA-signals in the medium under study, the radiation of the second harmonic (532 nm) of a pulsed Nd: YAG laser (LS-2137-3, LOTIS TII) was used. The laser pulse duration (FWHM) is 22 ns, which was measured with a photodiode. The laser pulse repetition rate was 50 Hz, which allowed the detection of the OA-signal in 3 s (at 128 signal averages) and thereby neglecting any short-time fluctuations. The laser pulse energy was attenuated with neutral filters (990-0704, Eksma Optics) and did not exceed 1 mJ; corresponding laser fluences did not exceed few mJ cm^--2^. After the attenuator, a convex lens is used to homogenize the light distribution in the beam cross-section and expand the beam diameter to 12 mm at the surface of the sample. The laser radiation was directed to the OA-cell with a quartz prism.

The OA-cell for this setup consisted of a polished quartz plate (6 mm, thickness and 25 mm, diameter) and a quartz cylinder (5 mm, thickness; 25 mm, the outer diameter; 20 mm, the inner diameter) placed in between the quartz plate and detector. All the surfaces of the cell components were gently polished and made plane-parallel with the thickness variation of about 2 μm to avoid possible distortions of the OA-signal profile due to a non-parallelism of the OA-source and detector surfaces. To perform an experiment, the OA-cell was filled with the test solution. The detector was made from a 28-μm PVDF film (Precision Acoustics) and operated in an open-circuit mode \[[@bib0240]\]. The detector was calibrated in the frequency range of 0.1--50 MHz and had a smooth spectral-transfer function in the range of 0.1--40 MHz and the low frequency sensitivity of 4.5 μV/Pa \[[@bib0220]\]. The detected OA-signals were amplified and digitized by a Tektronix TDS 1012 digital oscilloscope (USA; analog frequency, 100 MHz; sampling rate, 1 GHz).

### 2.1.3. Spectrophotometric measurements {#sec0030}

The UV/Vis absorption spectra of solutions were registered on an Agilent Cary 60 spectrophotometer. The spectra were measured using quartz cells with an optical path length of 0.1 or 1 cm depending on the concentrations of the sample. All spectra were recorded from 190 to 1100 nm with a step of 1 nm and a scan rate of 600 nm/min. The ratio of spectra was obtained by dividing the absorbance of one sample by the absorbance of the another (limiting to the regions with absorbances of both solutions below 2.5 to reduce errors) at the same wavelength.

### 2.1.4. Other equipment {#sec0035}

A Mettler DCS-30 TA instrument was used to capture heating traces from 233 up to 313 K. The scanning rates were 5 K/min. Each DSC sample weighed 15--20 mg.

TEM specimens were prepared by dispersing ND suspensions in ethanol onto TEM carbon--copper grids and by drying in vacuo (10^--2^ mm Hg). HRTEM imaging was performed with a JEM 2100 F transmission electron microscope with an accelerating voltage of 200 kV.

A CM-50 laboratory desktop centrifuge from ELMI Ltd. (a \#50.01 rotor, 12 test-tubes of 0.2--2.0 mL, 1000--15000 rpm, RCF 15300*g* at *r*~max~ = 6.1 cm) and a Beckman L8-80 M ultracentrifuge (a 45Ti rotor for 6 test-tubes of 80 mL, 1000--50000 rpm) were used for fractionation.

A Kern 770 analytical balance was used for dry powder samples weighting. An Ecros 6500 shaker was used for the preparation of dispersions. A GRAD 28--35 ultrasound bath from Grad-Technology was used for preparing ND dispersions in water. A SNOL 20/300 heating oven (Snol-Term Ltd.) was used for the evaporation of ND aqueous dispersions. Automatic Eppendorf Research pipettes (Eppendorf International) were used for the preparation of calibration solutions. Polypropylene test tubes (Axygen) were used for solution preparation and storage.

2.2. Nanodiamond materials {#sec0040}
--------------------------

Commercially available NDs were used throughout. Trademarks, their ID labels and manufacturers are listed in [Table 1](#tbl0005){ref-type="table"}. All NDs are dry powders except SDND (already an aqueous dispersion). The aqueous dispersions were produced as reported elsewhere \[[@bib0110]\].Table 1Nanodiamonds used in the study.Table 1NDs product nameDescriptionManufacturerRUDDMmodified ND material of RUDDM grade, fraction 0--150Real-Dzerzhinsk Ltd., RussiaRDDMmodified ND material of RDDM grade, fraction 0--125Real-Dzerzhinsk Ltd., RussiaSDNDsingle-digit NDsPlasmaChem GmbH, GermanyNanoAmandoDispersed single-ND particles NanoAmando (production year 2012)NanoCarbon Research Institute Co., Ltd., JapanUDA-GO-SPdeep purified ultradisperse diamondsJSC SINTA, Belarus

2.3. Other reagents {#sec0045}
-------------------

All the solutions were prepared with water from a Milli Q water purification system (Millipore; specific resistance, 18.2 MΩ×cm; Fe, 2 ppt; dissolved SiO~2~, 3 ppb; total ion amount, \< 0.2 ppb; TOC, below 10 ppb). The following reagents were used throughout: Phenol Red, C~19~H~14~O~5~S \[CAS 143-74-8\] (cp grade, MPBiomedicals) and *tris*(1,10-phenanthroline) iron(II) sulfate (ferroin) \[CAS 14634-91-4\] (Merck).

2.4. Procedures {#sec0050}
---------------

### 2.4.1. Preparation of ND dispersions in water {#sec0055}

RUDDM ([Table 1](#tbl0005){ref-type="table"}) powder (2.500 ± 0.001 g) was transferred to a volumetric flask (25.00 ± 0.08 mL), approx. 20 mL of deionized water was added. Next, it was subjected to 2 h of shaking followed by 0.5 h of ultrasonic treatment. Then, the flask was filled to the mark with deionized water and was subjected to 0.5 h of ultrasound treatment. RDDM powder (1.500/3.000 ± 0.001 g) was placed into a polypropylene test tube; next, 10.00 ± 0.12 mL of deionized water was added to the test tube, which was shaken for 2 h. The concentration of the stock solution was established gravimetrically. Other NDs are commercially available dispersions.

### 2.4.2. Preparation of ND solutions for spectrophotometry and optoacoustic studies of optically dense samples {#sec0060}

If the stock solution was stored for more than one day before the preparation of working solutions, it was manually stirred vigorously. Then, a series of working solutions with concentrations 1--100 mg/mL for RUDDM and 0.7--140 mg/mL or 140--280 mg/mL for RDDM were prepared.

### 2.4.3. Centrifugation {#sec0065}

A solution of RUDDM (100 mg/mL) was placed into 12 2-ml Eppendorf-type test-tubes, which then were centrifuged under 15000 rpm for 4 h. Next, 1 mL (fraction **1M**) and 0.5 mL (fraction **2M**) portions of the supernatant were taken in sequence from each test-tube. Both samples of the supernatant were collected in separate polypropylene tubes and concentrated by evaporating a part of water (concentrations were obtained gravimetrically after OA and UV/Vis studies). Fresh water was added to dissolve (1 h) the remaining sediments in test-tubes. The solutions were quantitatively moved into polypropylene test-tubes and evaporated in a heating oven. Then, the dry fraction was again dissolved (fraction **3M**).

### 2.4.4. Ultracentrifugation {#sec0070}

A solution of RUDDM (100 mg/mL) was placed into two test-tubes (50 of 80 mL). Aqueous suspensions were centrifuged at 40000 rpm for 1 h. Then, 25 mL (pale light-brown fraction **1U**), 10 mL (light-brown fraction **2U**), 5 mL (brown fraction **3U**) portions of the supernatant were taken in sequence from each test-tube. Then, all three types of the supernatant were collected in separate polypropylene test-tubes and concentrated by evaporating a part of water (concentrations were obtained gravimetrically after OA and UV/Vis studies). Fresh water was added to dissolve (24 h) the sediments remaining in test-tubes. Obtained solutions were quantitatively moved into polypropylene test-tubes and evaporated in a heating oven. Then, the dry fraction was again dissolved (fraction **4U**).

### 2.4.5. Centrifugation of ultracentrifugated nanodiamonds {#sec0075}

A solution of fraction **4U** (100 mg/mL) prepared according to the procedure 2.4.4 was placed into 12 2-mL Eppendorf-type test-tubes, which then were centrifuged under 15000 rpm for 4 h. Next, 1 mL (fraction **4U-1M**) and 0.5 mL (fraction **4U-2M**) portions of the supernatant were taken in sequence from each test-tube. Then, both samples of the supernatant were collected in separate polypropylene tubes and concentrated by evaporating a part of water (concentrations were obtained gravimetrically after OA and UV/Vis studies). Fresh water was added to dissolve (1 h) the remaining sediments in test-tubes. Obtained solutions were quantitatively removed into polypropylene test-tubes and evaporated in a heating oven (fraction **4U-3M**).

### 2.4.6. Preparation of ND samples for DSC {#sec0080}

A portion of a ND sample was mixed with distilled water in a 1:2 ratio to give a gel sample (ND and water). The minimum amount of ND material necessary for one run was 1 mg. The DSC procedure is described in detail elsewhere \[[@bib0245]\].

2.5. Data processing {#sec0085}
--------------------

The exponential leading edge of the OA signal resembles the in-depth distribution of laser fluence in the solution and makes it possible to measure the absorption-coefficient changes very precisely$$\text{log}U = a + bt$$where *U* is an OA-signal (Volts), *a* is a constant, $b = \mu_{a}c_{0}$, $c_{0}$ is the speed of sound, and $\mu_{a}$ is the light absorption coefficient. Fitting the slope with a linear function is used to obtain the coefficient $\mu_{a}$. Finally, to build a calibration curve, absorbance was calculated as $A = \mu_{a}l/2.303$, where *l* is the thickness of the cylindric cell (4.9 mm).

The speed of sound *c*~0~ in the solution was measured experimentally by the difference $\Delta t$ in between arrival times of the primary OA-signal and its reverberation within the measurement cell with a optical path (thickness) length of *l* \[[@bib0250]\]. In this case, it is equal to $2l/\Delta t$. The relative error of speed-of-sound measurements was lower than 0.5%. An aqueous solution (5 mg/mL) of Phenol Red was added to increase the signal for calculating the speed of sound in water; the speed of sound in aqueous ND dispersions were measured without any additives.

Ultrasound attenuation $\alpha_{us}$ was measured by the detection of signals of the same solution in OA cells of different thickness$$\alpha_{us} = \frac{\ln\left( {S_{2}/S_{1}} \right)}{l_{1} - l_{2}}\,$$where $S_{1}$ and $S_{2}$ are intensities of OA-signals recorded for cell thicknesses $l_{1}$ and $l_{2}$, respectively.

All the measurement results were processed in accordance with the requirements of ISO/IEC 17025:2005 \[[@bib0255]\] and IUPAC 1998 recommendations for the presentation of the results of chemical analysis \[[@bib0260]\]. The procedures were characterized by the repeatability relative standard deviation (RSD), and the minimum values of this error curve was used as another metrological parameter. To determine the significance of contributions to the signal of the control experiments, the series were compared by Student's *t*-test, and variances were compared using the Fisher test.

DSC was used as a method allowing to compare the sizes of diamond nanoparticles in various materials and to monitor the change in particle size during the separation of samples and to estimate their absolute size using the Gibbs--Kelvin equation \[[@bib0170],[@bib0265]\]$$\Delta T = \frac{4V_{mol}\sigma_{l\rightarrow s}T_{m}}{x\Delta H_{m}}$$where $\sigma_{l\rightarrow s}$ is the surface tension at the liquid-solid interface \[[@bib0265]\], $V_{mol}$, $T_{m}$, and $\Delta H_{m}$ are the molar volume, the melting point (K), and the melting enthalpy of the bulk water, respectively \[[@bib0270]\], and *x* is the characteristic size of voids with the structured solvent. The values of *x* were previously shown to be close to the mean size of the nanodiamond particles forming the gel \[[@bib0170],[@bib0245]\].

3. Results and discussion {#sec0090}
=========================

The main problem for the analysis of NDs lies in their insoluble nature. However, NDs could be divided into two large groups \[[@bib0140]\]. The first group spontaneously forms finely dispersed colloids (hydrosols) without any ultrasound treatment even for high concentrations of the initial material --- up to 10% wt. or even higher. These solutions are stable for a long time, and a very small amount of the precipitate appears with time. The second group contains a larger set of trademarks: these NDs cannot form a colloid solution without ultrasound treatment or form only suspensions with micrometer-scale particle size even after a long treatment. These suspensions are rather unstable, and precipitation begins 5--10 min after the ultrasound exposure \[[@bib0140]\]. In this study, as we focused on stable dispersions, we used NDs of the "soluble" group --- SDND, RUDDM, RDDM, and NanoAmando trademarks and we selected UDA-GO-SP to test OA techniques on "insoluble" ND materials. All the "soluble" dispersions have the characteristic brownish yellow color, while UDA-GO-SP shows a grey color characteristic to scattering-dominated dispersions.

3.1. DSC measurements {#sec0095}
---------------------

Indirect measurement of diamond nanoparticle sizes by differential scanning calorimetry is based on the difference in the melting point of the bulk phase of the solvent in the dispersion and the solvent in the characteristic voids between diamond nanoparticles in the agglomerates \[[@bib0170]\]. The presence of two melting points changes the traditional form of a DSC curve (usually melting the bulk phase of a pure solvent shows a single peak) and the appearance of a second peak corresponding to a phase transition of the structured solvent at a lower temperature \[[@bib0265]\].

The temperature difference between two melting points for a pure solvent (water) and a water-containing nano-structured material, Δ*T*, Eq. [(3)](#eq0015){ref-type="disp-formula"} is accounted for the effective diameter of the voids filled by structured water. The larger Δ*T* is observed, the smaller are the voids, and the smaller the diameter of particles is \[[@bib0275]\]. This parameter is calculated directly from the experimental DSC traces, is characteristic for the test material, and is highly reproducible for NDs \[[@bib0170]\]. The value of Δ*T* in the case of nano-sized diamond does not depend on the method of preparation of ND-water mixtures (simple mixing, ultrasonic treatment, and the addition of water through the vapor phase) and the amount of water in the mixture. It is shown that the functional groups on the surface of diamond nanoparticles do not affect the value of Δ*T* \[[@bib0170]\].

We checked the size differences between different types of NDs by this approach previously \[[@bib0170]\] and obtain the data for other trademarks used in this study ([Table 2](#tbl0010){ref-type="table"}). The correlation between Δ*T* and DLS size distribution was observed, also previously obtained XRD data for the smallest fractions and starting material agreed with DSC parameters \[[@bib0170]\]. According to this approach, SDND, RUDDM, and NanoAmando NDs have small particles of 7--9 nm, while RDDM, though highly soluble, has considerably larger particles of *ca.* 25 nm and has only twofold lower size as an "insoluble" UDA-GO-SP material.Table 2DSC parameters of different NDs and temperature differences between the peaks and estimated mean particle sizes (*P* =  0.95, *n* = 3).Table 2TrademarkΔ*T*, °CMean particle diameterSDND \[[@bib0170]\]9.2 ± 0.37.3 ± 0.5NanoAmando \[[@bib0170]\]8.2 ± 0.38.3 ± 0.5UDA-GO-SP\<2\>40RUDDM (this work)7.3 ± 0.59.2 ± 0.5RDDM (this work)2.6 ± 0.525 ± 1

3.2. Optical extinction spectra of aqueous dispersions of nanodiamonds {#sec0100}
----------------------------------------------------------------------

UV/Vis spectra of the "soluble" ND dispersions are given in [Fig. 1](#fig0005){ref-type="fig"} and the data are summed up in [Table 3](#tbl0015){ref-type="table"}. As shown previously \[[@bib0125],[@bib0130],[@bib0145]\], in UV and violet regions, absorbance should change as a function of λ^--4^ due to the strong and dominating Rayleigh scattering. The deviation of the ND absorbance spectrum from a λ^--4^ law depends on nanodiamond purity and size \[[@bib0145]\]. The smaller particles are present, the higher absorption contribution is assessed \[[@bib0130]\]. For all "soluble" ND dispersions, we obtained linear dependences of log μ = --*k* log λ + *b*, where in the range 300--450 nm the coefficient *k* is close to 4, which is consistent with previous data \[[@bib0125],[@bib0130],[@bib0145]\]. In the case of RDDM, however, it is difficult to find a region that obeys the λ^--4^ law in the UV/vis optical extinction spectrum (only for diluted to 1 mg/mL or lower concentrations).Fig. 1Optical extinction spectra (a, a linear scale and b a log-log scale) of ND aqueous dispersions: RUDDM, 20 mg/mL (dashed line), SDND, 20 mg/mL (dotted line) and RDDM, 1.8 mg/mL (solid line). All results were normalized to the same optical path length of 1 mm. The theoretical Rayleigh scattering line λ^--4^ (thin solid line) is given for comparison.Fig. 1Table 3Coefficients *k* of the equation log μ = --*k* log λ + *b* for the wavelength range 440--660 nm for conventional measurements and OA measurements for the ND trademarks (*P* =  0.95, *n* = 3).Table 3TrademarkOptical absorption measurementsOA measurementsRDDM2.80 ± 0.051.50 ± 0.05RUDDM3.20 ± 0.053.0 ± 0.1SDND3.30 ± 0.053.0 ± 0.1UDA-GO-SP2.1 ± 0.11.5 ± 0.1NanoAmando3.00 ± 0.052.5 ± 0.1

In the range 400--600 nm, all "soluble" NDs show the slope of log μ = --*k* log λ + *b* from --3.2 to --2.8 ([Table 3](#tbl0015){ref-type="table"}), which corresponds to an increased contribution from absorption due to the formation of Pandey chains or other surface groups \[[@bib0115],[@bib0130],[@bib0280]\], which start to contribute into the absorption properties of ND over 500 nm \[[@bib0135]\]. In the range of 800 nm, RUDDM, SDND, and NanoAmando NDs show distinct maxima of absorption, which correspond to the surface dimer absorption with a maximum at 1.5 eV \[[@bib0135]\]. High and similar slopes *k* for RUDDM, SDND, and NanoAmando could relate to smaller particles in these NDs.

As expected, the "insoluble" trademark, UDA-GO-SP, shows a linear log μ = --*k* log λ + *b* dependence with a slope of --2.1 in the whole range 300--1100 nm, and an almost indistinguishable maximum at 800 nm and a lower mass extinction coefficient is present. This can be considered an evidence of dominating scattering, taking into account the size of nanodiamond aggregates of 40 nm estimated for these species \[[@bib0170]\].

However, for most soluble NDs, RDDM, the absorption spectrum in the long-wave part is proportional to λ^--2^ and does not show the maximum of dimer chains similar to the highly scattering UDA-GO-SP ([Fig. 1](#fig0005){ref-type="fig"}). In the same time, these NDs show a much higher mass-extinction coefficient than three other "soluble" trademarks, which is contradictory to the dominating scattering. Moreover, according to the elemental analysis of these ND samples \[[@bib0140]\], this trademark shows the minimum amount of elemental impurities, which may indirectly manifest a low degree of surface functionalization. The comparison with DSC data leads to a preliminary conclusion that RDDM is not a purely nanodiamond material, and its solubility may be governed by other carbon forms. Thus, in this sample, sp^2^ carbon is probably the main component of non-ND impurities, rather than a shell on diamond core particles \[[@bib0195]\]. However, based on optical-absorption data only, it is difficult to conclude why this material is different from other "soluble" trademarks.

3.3. Optoacoustic spectra of aqueous dispersions of nanodiamonds {#sec0105}
----------------------------------------------------------------

The development of optical parametric oscillators (OPO) as excitation sources opened up new possibilities for photothermal and optoacoustic spectroscopies and introduced multispectral measurements \[[@bib0230],[@bib0285], [@bib0290], [@bib0295], [@bib0300]\]. Multiwavelength (multispectral) optoacoustic techniques can be used for a more detailed comparison of optical-absorption and calorimetric spectra \[[@bib0305],[@bib0310]\]. We used an OPO-based multiwavelength optoacoustic setup \[[@bib0230]\] for studying extinction spectra of aqueous dispersions of the selected ND types ([Fig. 2](#fig0010){ref-type="fig"}). For the multispectral technique, we selected the measurements of ND solutions as very thin samples to maximally avoid the contribution from light scattering. The correctness of the spectra of OA measurements under these conditions was checked using ferroin as a dye giving true solutions, which showed only slight deviations from the optical-absorption spectra (Fig. S2, Supplementary information). The OA spectral range was limited by the working wavelength (410--710 nm) of the OPO used in the instrument. Low energy of excitation pulses for short and long wavelengths produced the noisy signals; thus, to avoid the artifacts; only the range 440--660 nm of OA spectra was treated. As this technique is highly sensitive, we measured the spectra for ND concentrations of 1--10 mg/mL in thin liquid layers. In this concentration range, the acoustic attenuation was negligible ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 2Absorption spectra of ND obtained using conventional spectrophotometry (dotted lines) and calculated from optoacoustic measurements (solid lines, smoothing by Savitzky-Golay algorithm, 40 points) for 4 mg/mL solutions.Fig. 2Fig. 3The speed of sound a) and absorbance at 532 nm b) dependence on concentration of RDDM in aqueous dispersion, four different samples (different dates of measurements of the same solution).Fig. 3

The comparison of OA shows that the absorbances calculated from OA data significantly differ from spectrophotometry. The spectra showed shapes different from optical spectra, and the coefficients *k* of the equation log μ = --*k* log λ + *b* ([Table 3](#tbl0015){ref-type="table"}) were lower compared to optical measurements. However, for RUDDM, SDND, and NanoAmando, the slopes decreased only slightly and a change in the mass extinction coefficient compared to spectrophotometry is 10--20%. The most drastic decrease in the absorption spectrum was observed for RDDM, the coefficient *k* decreased to the value of 1.5, which is the same as the OA coefficient for the "insoluble" UDA-GO-SP, which agrees well with the size of particles from DSC measurements (Section [3.1](#sec0095){ref-type="sec"}). Still, the mass extinction coefficient of RDDM from OA measurements is an order higher that for RUDDM, NanoAmando, and SDND materials. The mass absorption coefficients are in good agreement with the data for small-sized purified NDs \[[@bib0135]\] and are of the same order as meteorite-based NDs \[[@bib0165]\].

For all the samples, the most significant difference between OA and optoacoustic spectra was observed for shorter wavelengths at 450 nm. Within the error of experiment, the spectra were nearly coincident at wavelengths of 600--650 nm, which may be an evidence of the dominating nature of absorption of surface dimer Pandey chains into the total extinction signal. While for UV/Vis spectroscopy, the deviation from a pure λ^--*x*^ dependences becomes significant at wavelengths over 650 nm ([Fig. 1](#fig0005){ref-type="fig"}, see also the data in \[[@bib0135]\]), in OA spectra less prone to Rayleigh scattering, this effect appears at wavelength over 600 nm (even 570 nm for NanoAmando and RDDM materials). This is coincident with the calculations of the high energy edge of the absorption band in ND due to the transitions between surface states of 2.1 eV \[[@bib0135]\].

As the OA modality is much less dependent on Rayleigh light scattering compared to spectrophotometry \[[@bib0225],[@bib0250],[@bib0315], [@bib0320], [@bib0325]\], such a correlation of OA and conventional spectra can reveal that the spectra of nanodiamonds are mainly governed by light absorption. This is in concordance with the high sensitivity of photothermal-lens determination of ND aqueous dispersions in the visible range (comparable to highly absorbing substances in water) \[[@bib0110]\], as photothermal-lens measurements also show only a slight effect of Rayleigh scattering. Thus, the difference of OA and optical-absorption spectra may be used, as the first approximation, for estimating the contributions of the scattering and absorption to the extinction spectra of NDs.

For UDA-GO-SP, the large contribution of scattering was observed, as expected. Still the absorption was found and the same increase in the range over 550 nm was found as for "soluble" trademarks. It is interesting that highly soluble RDDM ND shows approximately the same difference between OA and optical extinction spectra. For three other trademarks, the difference between OA and optical extinction spectra is almost the same in shape and values. The comparison of spectra for RDDM and other aqueous dispersions (RUDDM, NanoAmando, and SDND) shows that RDDM NDs have both higher light-scattering as well as higher light absorption, which confirms the conclusion of significantly different purity grades of these materials. Thus, OA spectra also show that RDDM NDs have large and impure particles at the same time, but a better solubility.

The OA spectra of NDs allowed us to make a more detailed study of NDs for concentrated solutions using the OA technique for optically dense solutions.

3.4. Optoacoustic and UV/vis data comparison for concentrated nanodiamond samples {#sec0110}
---------------------------------------------------------------------------------

The general possibilities and the theoretical basis of the OA technique for optically dense samples in applied chemistry were shown \[[@bib0220],[@bib0330],[@bib0335]\]. The advantage of this technique is that it provides the reliable information on the light absorption coefficients against large light-scattering coefficients \[[@bib0225],[@bib0325]\]. It is used for measurements of laser fluence distribution \[[@bib0220],[@bib0330],[@bib0335]\] and found application in physicochemical and biological studies \[[@bib0305],[@bib0340], [@bib0345], [@bib0350], [@bib0355], [@bib0360], [@bib0365]\]. This technique was applied to study the absorption at 532 nm of ND dispersions. Only two ND types---RDDM and RUDDM---were selected for this part of the study as they share the same production protocol, form highly concentrated solutions with sufficient absorption at 532 nm ([Fig. 2](#fig0010){ref-type="fig"}) and, as we showed in the previous sections, are characterized by significantly different spectra and other properties.

[Fig. 4](#fig0020){ref-type="fig"} presents calibration curves for RDDM and RUDDM aqueous dispersions from optoacoustic and spectrophotometric measurements. The OA technique allows determining absorbances even for very concentrated solutions (up to 280 mg/mL, see Fig. S3, Supplementary information). As we see, multispectral OA measurements showed that for RUDDM, the extinction at 532 nm is dominated by absorption ([Fig. 2](#fig0010){ref-type="fig"}), and both methods give similar results ([Table 4](#tbl0020){ref-type="table"}). The slopes from the setup are in good concordance with the values of mass absorption coefficients from OA spectra. As for RDDM aqueous dispersions, the difference in slopes is significant because of a large scattering part ([Fig. 2](#fig0010){ref-type="fig"}) which increases UV/vis signals and does not influence on optoacoustic measurements. The extinction coefficient of RDDM is about an order of magnitude greater than for RUDDM. The mass absorption coefficients for both OA techniques agree within the error of measurements for both aqueous dispersions.Fig. 4Calibration curves (532 nm) for RDDM a) and RUDDM b) from UV/vis and OA measurements. All results were normalized to the same thickness of 1 mm.Fig. 4Table 4Slopes (mL/mg) of calibration curves for different NDs (*P* =  0.95, *n* = 7--9).Table 4TrademarkUV/visOARUDDM(2.62 ± 0.05)·10^--2^(2.5 ± 0.2)·10^--2^RDDM(2.4 ± 0.1)·10^--1^(1.8 ± 0.1)·10^--1^

The speed of sound of ND aqueous dispersions was checked for RDDM for concentrations up to 280 mg/mL. These solutions are not acoustically transparent, and the speed of sound is decreased significantly for concentrations above 40 mg/mL ([Fig. 3](#fig0015){ref-type="fig"}). Slope of calibration curve changes with an increase in the concentration of NDs over 60 mg/mL, it may be accounted for a significant increase in viscosity of concentrated ND solutions \[[@bib0120]\].

A detailed investigation of this effect may be the scope of another research, and here we just state that the used OA technique broadens the concentration range of ND determination by optical spectroscopy. It should be noted that other techniques allowing to retrieve the individual contributions from light scattering and light absorption can be used for further elucidation of the extinction spectra of nanodiamonds like the photoacoustics modality in a frequency mode with the Kubelka--Munk theory as recently shown by the case of ZnO nanoparticles on diatom surfaces \[[@bib0370],[@bib0375]\].

3.5. Nanodiamond fractionation {#sec0115}
------------------------------

Fractionation of NDs was investigated previously \[[@bib0125],[@bib0130],[@bib0145],[@bib0170], [@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195], [@bib0200], [@bib0205], [@bib0210],[@bib0380]\]. However, optical spectra of different fractions have not been considered in detail. Previously, it was found that non-diamond carbon could be removed from ND fractions \[[@bib0195]\] and the fractions have different surface chemical composition and therefore physicochemical properties \[[@bib0200],[@bib0380]\], which apparently may affect the optical properties. Thus, we used centrifugation to see in more detail how the UV/vis spectrum and absorption at 532 nm by OA measurements depend on fraction size and composition. Dealing with fractions, we used both methods (UV/vis and the OA technique for optically dense samples) and applied DSC for monitoring the size change \[[@bib0170]\]. To test the possibility of centrifugation, we use both centrifugation (acceleration of gravity of 15000*g*) and ultracentrifugation (130000*g*).

After ordinary centrifugation (Procedure 2.4.3), we obtained two supernatant fractions, upper (1 mL, named **1M**) and lower (0.5 mL, **2M**). The rest of nanodiamonds was collected as a dry fraction and dissolved (fraction **3M**). As expected, fractions after centrifugation at 15000 rpm consist of particles of various sizes: the uppermost fraction has the smaller size of 3.6 nm, which is coincident with previous findings \[[@bib0380]\], the second fraction has the size of 5.2 nm, while the bottommost fraction has the same size as the starting materials ([Table 5](#tbl0025){ref-type="table"}). The most interesting is the upper fraction, **1M**. This fraction is sedimentation-unstable. According to [Fig. 5](#fig0025){ref-type="fig"}, **1M** fraction possesses higher light absorption especially at long wavelengths, which may be an evidence of a ND fraction with surface dimer chains. However, the absorption spectrum shows a lower relative absorption at longer wavelengths and the absorbance ratio spectrum does not show a characteristic peak at 800 nm (1.5 eV) corresponding to the transitions between levels of the surface forbidden zone. Thus, such a change in the spectrum could be assigned to the enrichment with non-diamond sp^2^ carbon in this fraction. To clarify this, we subjected RUDDM to the ultracentrifugation.Table 5DSC parameters for fractions after centrifugation, ultracentrifugation, and subsequent centrifugation of the bottommost ultracentrifugated fraction and estimated mean particle sizes (*P* =  0.95, *n* = 3).Table 5FractionΔ*T*, °CMean particle diameterStarting RUDDM7.3 ± 0.59.2 ± 0.51M19.4 ± 0.33.6 ± 0.42M13.3 ± 0.35.2 ± 0.53M6.9 ± 0.59.7 ± 0.51U19.8 ± 0.33.6 ± 0.42U19.0 ± 0.33.7 ± 0.43U19.5 ± 0.33.6 ± 0.44U6.7 ± 0.510.0 ± 0.54U-1M20.1 ± 0.33.5 ± 0.44U-2M15.2 ± 0.34.6 ± 0.54U-3M6.8 ± 0.59.9 ± 0.5Fig. 5The comparison of UV/vis spectra of the highest supernatant fraction (**1M**, 18.9 mg/mL) and the starting RUDDM solution (20.0 mg/mL) a) UV/Vis spectrum; b) absorbance ratio spectra of the **1M** fraction to the starting RUDDM material.Fig. 5

### 3.5.1. Ultracentrifugation {#sec0120}

Ultracentrifugation is a commonly used method for ND fractioning, basically for improving the stability \[[@bib0175],[@bib0185],[@bib0190]\]. FTIR was used to demonstrate different surface compositions of fractions characterized by different particle sizes \[[@bib0175]\]. We conducted the experiment in a different way (Procedure 2.4.4), using almost the maximum possible speed (up to 40000 rpm) for a long time (1 h) and another way of distinguishing fractions.

After processing the initial RUDDM (100 mg/mL), we separated three supernatants: 25 mL, pale light-brown (**1U** fraction), 10 mL, light-brown, (**2U** fraction), and 5 mL (brown, **3U** fraction). As in the previous section, the rest of nanodiamonds was collected as a dry fraction and dissolved (**4U** fraction). Usually, for such separation, a sequential increase of the *g*-factor in a single run is applied (multi-step); however, we separated fractions from the same supernatant by sequential sampling. According to DSC, all three upper fractions have particles with the same small size of 3.6 nm, while the bottommost fraction has a slightly increased mean size compared to the starting material ([Table 5](#tbl0025){ref-type="table"}). Fig. S4 (Supplementary information) shows typical DSC traces for several fractions and the starting material.

Interestingly, these fractions have different UV/vis spectra. As seen from [Fig. 6](#fig0030){ref-type="fig"}, a, upper fractions have spectra untypical for ND aqueous dispersions ([Fig. 1](#fig0005){ref-type="fig"}). Absorbance of the **1U** fraction changes approximately as a function of λ^--3^ in UV and violet regions and in the NIR region it can be described as λ^--^*^x^*, 2 \< *x \<* 3, which is different from the strict behavior of λ^--4^ of the starting material. These data are consistent with assumption that the removal of large particles decrease the scattering intensity in a radical way \[[@bib0130]\] and if light is absorbed by sp^2^ carbon, the absorbance can be represented by a λ^--2^ dependence \[[@bib0115]\]. Water evaporation from **1U** and **2U** fractions gives particles with poor solubility in water, but the pellet (**4U** fraction) has a higher solubility than the starting RUDDM. It is possible to obtain dispersions with concentrations up to 200 mg/mL. It agrees well with the assumption that during ultracentrifugation upper fractions are enriched with the sp^2^ phase.Fig. 6a) Optical extinction spectra (log-log) of fractions after ultracentrifugation (7, 13.2, 28, 72.5 mg/mL for **1U**, **2U**, **3U**, and **4U,** respectively) and the starting RUDDM material (70 mg/mL). b) The absorbance ratio of spectra of the **4U** fraction and starting RUDDM material.Fig. 6

HRTEM images of the **1U** fraction are presented in [Fig. 7](#fig0035){ref-type="fig"}. It is difficult to distinguish particles because they are very small and have a polyhedral nature, which shows that this is not the diamond fraction; all the images are quite similar. The size of each crystallite is about 2--6 nm, which agrees well with the mean size estimation using DSC ([Table 5](#tbl0025){ref-type="table"}) 1.7 Å distances between the lines (green straight lines in [Fig. 7](#fig0035){ref-type="fig"}, b) corresponding to the graphite lattice spacing (*d*~002~ = 3.37 Å, ASTM C558-65 T, 1967) are clearly observed in all images; diamond structures are not seen, which is contradictory to the findings \[[@bib0380]\] when the authors claim to obtain the pure ND fractions by ultracentrifugation. However, our results are in concordance with the absorption spectrum of the 1U fraction ([Fig. 6](#fig0030){ref-type="fig"}, a) showing a dependence with no distinct features at 300 and 800 nm with λ^--3^ for shorter and λ^--2^ for longer wavelengths, which also reveals no ND phase.Fig. 7HRTEM of the RUDDM fraction **1U** after 4 h of ultracentrifugation showing a) polyhedral graphite particles b) distance corresponding to the graphite lattice spacing.Fig. 7

Fractions **2U** and **3U** are very similar in spectra ([Fig. 6](#fig0030){ref-type="fig"}, a), behavior, and the estimated mean size ([Table 5](#tbl0025){ref-type="table"}) to fraction **1M**. They also should be considered as governed by sp^2^ carbon absorption, with a ND-enriched fraction in **3U**, according to the spectra.

The bottommost **4U** fraction (sediment) after ultracentrifugation has a surprisingly better solubility compared to the starting RUDDM, but it has mainly the same mean particle size ([Table 5](#tbl0025){ref-type="table"}) as the starting material and has the same UV/vis spectrum ([Fig. 6](#fig0030){ref-type="fig"}, a). The absorbance-ratio spectrum for **4U** fraction and the starting RUDDM only slightly deviates from the horizontal line and the ratio of 1:1 in the range 800--900 nm ([Fig. 6](#fig0030){ref-type="fig"}, b).

### 3.5.2. Extra centrifugation of the bottommost ultracentrifugated fraction {#sec0125}

The solution of fraction **4U** (100 mg/mL) prepared by ultracentrifugation was additionally centrifuged under 15000 rpm for 4 h and separated similarly to the initial ND material (Procedure 2.4.5): two supernatant fractions, upper (1 mL, **4U-1M**) and lower (0.5 mL, **4U-2M**) were separated. The rest of the material was gathered as the **4U-3M** fraction. At this stage, we show trends of curves rather than perform a detailed intensity comparison.

This second centrifugation of the bottommost fraction resulted in yet another fraction with the size of 3.5 nm ([Table 5](#tbl0025){ref-type="table"}). And, to the contrary of centrifugation or ultracentrifugation alone, this uppermost fraction has extinction spectra typical for nanodiamonds, with all the characteristic features ([Fig. 8](#fig0040){ref-type="fig"}). It leads us to conclude that non-diamond sp^2^ phase is mostly separated during the ultracentrifugation and after the second step, we get the real small-size ND fraction.Fig. 8UV/vis spectra (log-log) of fractions after microcentrifugation (23 and 46.3 mg/mL for **4U-1M** and **4U-2M**, respectively and the starting RUDDM material (35 mg/mL).Fig. 8

### 3.5.3. Optoacoustic and UV/vis data comparison for ultracentrifugated nanodiamonds {#sec0130}

The alteration in the size and composition during the centrifugation and ultracentrifugation fractionation significantly affects the optical properties of ND aqueous dispersions. This can be shown by the comparison of highly concentrated solutions of ND powders gathered after the fractionation and the comparison with the original calibrations.

As seen from optical UV/vis spectra ([Fig. 9](#fig0045){ref-type="fig"}, a), fractions **3U** and **3M** (the pellet after ordinary centrifugation) have rather high absorbances, while other fractions do not deviate from the main calibration. The **3U** fraction as well as **1U** and **2U** consists of small particles ([Table 5](#tbl0025){ref-type="table"}) and feasibly contains some higher amounts of the non-diamond sp^2^ phase compared to the starting RUDDM material. An increase in **3M** absorbance might relate to different scattering of starting RUDDM (consists of various types of particles) and **3M** fraction --- as the pellet after centrifugation, it does not include small particles.Fig. 9Calibration curves for starting RUDDM and absorbances of several fractions (triangles, squares and circles for fractions after microcentrifugation, ultracentrifugation and ultra-microcentrifugation) obtained from a) optical extinction and b) OA techniques.Fig. 9

Absorbances of fractions estimated using the OA technique are influenced to a higher degree by the different size and composition of particles. Contrary to optical extinction measurements, all the fractions are different from the calibration curve of the starting RUDDM ([Fig. 9](#fig0045){ref-type="fig"}, b). Here, the fractions, which were proven mainly non-diamond (**1M**, **1U**, and **2U**) were discarded, and only fractions with spectra with distinct ND features are shown. This figure shown that centrifugation alone (**2M** and **3M**) and ultracentrifugation alone (**3U** and **4U**) provide more absorbing fractions, but as we shown above, these is not the concentration of NDs but still non-diamond enriched fractions. And only the two-step fractionation provided fractions with all the features of NDs and lower absorption as most sp^2^ carbon was removed and the absorption is governed most probably by Pandey dimer chains on the surface. Thus, the main light-absorbing layer of ND can be separated by a combination of centrifugation and ultracentrifugation, also producing the bottommost fraction of ND, which has a higher solubility than the starting material.

To conclude, the comparison of the absorbances of solutions of fractions (with the same concentration) with the data of DSC and X-ray diffraction obtained previously \[[@bib0170]\] is rather indicative as well (Fig. S5, Supplementary information). The results correlate well with each other, which is quite unexpected, given the completely different nature of the analytical signals on the one hand, and the structural levels of the colloidal ND solutions, on the other. Nevertheless, it is quite clear that particles with a smaller size of coherently scattering domains in XRD give solutions with smaller aggregates and a lower absorption (i.e., with a lower contribution of light scattering, and, hence, again with a smaller aggregate size).

4. Conclusions {#sec0135}
==============

Thus, optoacoustic spectroscopy along with optical absorption techniques was applied to testing manufactured detonation nanodiamonds to provide a larger volume of reliable information on light absorption and scattering of samples compared to conventional techniques. The possibility of multiwavelength (multispectral) OA-technique to complement conventional spectrophotometric data on the nature of extinction spectra of nanodiamond aqueous dispersions, previously unimplemented, seems rather relevant. It can be used not only for NDs, but with other carbon nanomaterials like fullerenes, nanotubes, or other dispersions of various nature to get more information on real light absorption of these materials, light-scattering contribution, and the photothermal effects to the overall picture of their properties. This seems even more relevant for biological applications of carbon nanomaterials when the extinction of the natural backgrounds may have a very complex nature.

The findings by the multispectral modality were supported by the OA technique for optically dense solutions, which were used for further elucidation of the contribution of scattering and absorption into the signals. To further advance the optoacoustic techniques, a much larger scale of studies is required for a wide set of samples. The techniques used in this study may be implemented with other OA modalities for separate contribution from light absorption and light scattering \[[@bib0370],[@bib0375]\].

The important, previously unrealized, feature is the comparison on a series of ND samples by essentially different methods of analysis and research. This comparison made it possible to reveal rather not obvious but useful regularities, in even more cases, to raise new questions which, for the most relevant problems of nanodiamond applications, will require further research. This comparison was also confirmed by the fractionation experiments that revealed the separation of differently absorbing fractions with dominating graphite-like sp^2^ carbon fractions and slightly surface-absorbing nanodiamond fractions. Still, the problem of the theoretical description of the fact that diamonds insoluble in water with a decrease in size to nanometers suddenly begin to behave like an ionic substance, spontaneously forming highly concentrated solutions, stable for many years, remains unresolved.
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